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RESUMEN  
 
Este trabajo de fin de grado fue propuesto por el departamento de ingeniería civil y 
medioambiental de la universidad TU de Darmstadt y ha sido desarrollado bajo las directrices 
de la Srta. Steffi Weyand, como directora de tesis. 
A continuación, se expone una versión resumida en castellano de este trabajo de fin de grado. 
En ella se explica los puntos principales de su desarrollo, los aspectos más destacables y las 
conclusiones extraídas del mismo. 
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1. Introducción y objetivos 
 
La creciente preocupación sobre el problema y las consecuencias que supone el cambio 
climático han derivado en un aumento de la demanda y un mayor consenso hacia la necesidad 
de energías renovables por parte de la sociedad. Sin embargo, hay que tener en cuenta que 
la viabilidad de este tipo de tecnologías está fuertemente condicionada por factores tales como 
la economía, la política, los avances tecnológicos y el medioambiente. 
 
El sector de la generación de energía eléctrica tiene una de las tasas de emisión de gases de 
efecto invernadero más altas, de ahí que se tenga especial interés en el desarrollo de 
alternativas más limpias. Dentro de todas las tecnologías renovables de generación eléctrica, 
la energía solar y más concretamente la tecnología fotovoltaica, destacan por su bajo perfil de 
emisión de CO2, sus bajas exigencias de mantenimiento y la ausencia de contaminación 
acústica en su funcionamiento. Sin embargo, esta no está del todo optimizada, debido a su 
corta vida como tecnología ya establecida, por lo que tiene todavía un gran margen de 
desarrollo y mejora. Para ello, los métodos de análisis de ciclo de vida (ACV) son una 
herramienta muy útil, pues permiten realizar análisis en profundidad a lo largo de todas las 
etapas del ciclo de vida de un producto y poder así detectar puntos conflictivos en el perfil de 
emisiones y a consecuencia establecer nuevas líneas de desarrollo y puntos de mejora.  
 
El objetivo de este trabajo de fin de grado es revisar y profundizar en el comportamiento 
medioambiental de las dos tecnologías fotovoltaicas más representativas en la actualidad: las 
células de silicio multicristalino y las células de lámina delgada de teluro de cadmio. Para ello, 
se aplica la metodología del análisis de ciclo de vida a unas bases de datos proporcionadas 
por el departamento de ciencias medioambientales de la universidad TU Darmstadt que 
contienen información sobre los diferentes procesos que tienen lugar a lo del ciclo de vida de 
ambos tipos de células. 
 
2. Metodología  
 
Esta tesis está dividida en dos partes: documentación e implementación. La primera se trata 
de una revisión bibliográfica sobre la metodología del análisis del ciclo de vida, así como del 
contexto de desarrollo económico y tecnológico de las células fotovoltaicas. Esto proporciona 
una base para la segunda parte: la implementación, que es la principal. Para una mejor 
comprensión de la estructura de la tesis consultar Figure 2 Thesis conceptual schema en el 
capítulo 2 Methodology. 
 
La parte de implementación está estructurada de acuerdo con las directrices del método de 
análisis de ciclo de vida (ACV) establecidos en la norma ISO 14040, esta norma recomienda 
la división del análisis en las siguientes etapas: 
Comparative LCA of commercial photovoltaic technologies based on current conditions 
 
III 
 
• Definición de objetivo y alcance  
• Análisis de inventario  
• Evaluación de impacto 
• Interpretación de los resultados 
 
Estas fases se interrelacionan de acuerdo con el esquema conceptual presentado en la 
siguiente ilustración. 
 
 
Ilustración 1: Estrucura ACV 
 
 
3. Tecnologías fotovoltaicas  
 
Existen tres tipos de células fotovoltaicas según el tipo de material semiconductor del que se 
componen. En primer lugar, se encuentran las células de silicio cristalino (multi- o 
monocristalino), también llamadas 1ª generación, este tipo de células son las que tienen 
mayor rendimiento y han liderado el mercado de la tecnología fotovoltaica desde sus inicios. 
Por otro lado, nos encontramos las láminas delgadas, también llamadas 2ª generación, este 
tipo de células están hechas de materiales compuestos como telururo de cadmio (CdTe), 
diseleniuro de indio y cobre (CuInSe2) o cobre más indio más galio y más selenio (CIS o 
CIGS). Las células de película delgada constituyen una prometedora alternativa a las células 
de silicio debido a precio competitivo, su extremadamente ligero peso y su característica 
maleabilidad. Esto se ve reflejado en su creciente cuota de mercado frente a las células de 
silicio.  
 
Mencionar también la existencia de un tercer tipo de células, las cuales se componen de 
materiales orgánicos. Esta configuración no se constituye, actualmente, como alternativa 
viable a las anteriores pues, aunque tiene unos costes de producción muy inferiores al resto, 
presentan unas eficiencias demasiado bajas para ser económicamente rentables. 
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Respecto desarrollo económico, nos encontramos con un mercado fotovoltaico dinámico y de 
rápido crecimiento. Según un informe sobre tecnología fotovoltaica realizados en el año 2016 
por la empresa de investigación Fraunhofer, se estima que, durante los últimos 35 años hasta 
la actualidad, cada vez que se dobla la producción acumulativa de productos fotovoltaicos su 
precio se reduce en un 20%. Esto se debe al incremento de eficiencia y aumento del 
compromiso respecto a la necesidad de energías renovables por parte de los sectores social 
y político, así como de los de los inversores. 
 
Los sistemas fotovoltaicos están compuestos por dos componentes principales, los paneles y 
el “balance of system” (BOS). Este último se define como el conjunto de los componentes de 
un sistema fotovoltaico, exceptuando el propio generador fotovoltaico, esto es, las baterías, 
los cables, el inversor y el controlador de carga.  Los paneles están compuestos de módulos 
los cuales son empaquetamientos de células fotovoltaicas, y estos pueden tener marco o no. 
Las células de película delgada siempre se producen sin marco, es decir en laminados, las 
células de silicio sin embargo pueden emplearse en paneles con los dos tipos de 
configuraciones. 
 
Respecto a los tipos de montajes de paneles fotovoltaicos, nos encontramos tres opciones 
principales basadas en la localización del panel. En el techo, en el suelo o directamente 
integrado en la estructura del edificio (BIPV). Las células de película delgada de CdTe se usan 
principalmente en laminados en techo y en BIPV. Las células de silicio son usadas en todas 
las configuraciones de montaje 
 
Por último, es importante mencionar que hasta hace pocos años, el problema de la disposición 
y tratamiento de módulos PV defectuosos no despertaba especial interés debido al poco 
tiempo que la tecnología fotovoltaica lleva en funcionamiento y la longevidad de los módulos 
(de 25 a 30 años). Los volúmenes significativamente grandes de producción de PV 
comenzaban a percibirse a principios de los años 1990, sobre todo en Alemania, EE.UU. y 
España, por tanto, se estima que hasta 2020 no habrá una alta necesidad de tratamiento de 
residuos de PV. Teóricamente, la vida útil de un sistema PV es potencialmente infinita ya que 
no hay ningunas partes de movimiento, sin embargo, debido a degradación natural de los 
materiales esto no es así. Es por tanto, de especial importancia estudiar y analizar de forma 
previa, los procesos de fin de vida de un producto, pues un sistema que aparentemente 
produce energía sin emisiones puede convertirse en su etapa de final en otra de las muchas 
tecnologías difíciles de desechar los cuales se amontonan en vertederos.  
 
4. Análisis de ciclo de vida (ACV) 
 
Como ya se ha mencionado con anterioridad, el análisis de ciclo de vida se divide en 4 etapas. 
• La primera de ellas consiste en la definición del alcance los objetivos. Esta etapa es 
de incuestionable importancia pues su correcta aplicación condicionara los resultados 
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posteriores. La tarea principal es la caracterización del sistema del producto que se 
va a analizar, lo que se traduce en la definición de una serie de parámetros como la 
unidad funcional, el flujo de referencia, las categorías de impacto medioambiental a 
estudiar, los límites del sistema y la calidad de la información base. 
 
• La segunda y tercera etapa son el análisis de inventario y el análisis de impacto y 
están fuertemente interrelacionadas. El análisis de inventario es la compilación y 
cuantificación de los flujos de entrada y salida del sistema del producto a lo largo de 
todos los procesos de su ciclo de vida. Por su parte, el análisis de impacto tiene como 
objetivo la obtención del potencial de impacto medioambiental del sistema del 
producto a partir del análisis de la información obtenido en la etapa anterior.  Existen 
multitud de categorías de impacto, en este TFG solo se va a trabajar con la categoría 
de cambio climático desde una perspectiva “midpoint”. A la hora de realizar el análisis 
se pueden adoptar dos perspectivas: “midpoint” y “endpoint”. Esto son modelos de 
caracterización lo cuales proporcionan indicadores de impacto a niveles diferentes. 
Endpoint evalúa el impacto medioambiental en las áreas de nivel de protección, como 
la salud humana o el ecosistema. Midpoint evalúa el impacto medioambiental 
respecto al efecto que tiene la liberación de sustancia o consumo de recurso.  
 
• Por último, en la etapa de interpretación se analizan los resultados obtenidos, en 
conjuntos con todas las decisiones tomadas en las etapas previas. Pues estos 
dependen directamente de variables como los datos del inventario o los limites 
escogidos para sistema.  
  
A continuación, se puede observar un esquema que relaciona los resultados del análisis de 
inventario con los dos modelos de caracterización del análisis de impacto. 
 
 
Ilustración 2:Estructura de análisis de impacto (Jolliet et al. 2003b) 
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5. ACV aplicado a la tecnología fotovoltaica 
 
 
Este capítulo tiene como objetivo la aplicación de la metodología de ACV para realizar un 
estudio de su impacto de cambio climático a los dos tipos de células escogidas: las células de 
película delgada de telururo de cadmio y las células de silicio multicristalino. El ciclo de vida 
generalizado de una célula fotovoltaica se esquematiza en la siguiente figura. 
 
 
 
Ilustración 3: Ciclo de vida de una celula fotovoltaica (Held y Ilg 2011) 
 
Para clasificar la información proporcionada por las bases de datos, se ha realizado un 
esquema simplificado de los procesos del ciclo de vida de las células fotovoltaicas, este 
esquema se muestra en la Ilustración 4. 
 
Para una fácil compresión se adjunta la leyenda con la que se ha realizado la caracterización 
de los procesos. 
 
P 
 
Bajo P se engloban dos procesos, la adquisición de materiales lo que 
lleva consigo estimaciones como el transporte y los precios de 
mercado y todos los subprocesos que engloba la producción de 
paneles/laminados. 
 
I 
 
Instalación: esta etapa engloba los procesos del montaje de la 
estructura en sí misma, el montaje de los paneles sobre la estructura 
así como la instalación eléctrica  
 
Comparative LCA of commercial photovoltaic technologies based on current conditions 
 
VII 
 
 
 
 
Es importante destacar el hecho de que no se ha encontrado ningún proceso de reciclaje en 
las bases de datos.  
 
 Ilustración 4: Esquema simplificado del ciclo de vida de las células fotovoltaicas  
 
Los procesos recopilados de las bases de datos se clasifican de acuerdo con la leyenda 
explicada anteriormente junto a otra información relevante como el año, el tipo de producto o 
su localización. 
 
 
O 
 
Operación: se trata de la generación de electricidad promedio a lo largo 
de la vida útil de un panel. 
 
 
D 
 
 
Desmantelamiento: consiste en el tratamiento de residuos de los 
paneles en desuso  
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Estas bases de datos son procesadas por el software de análisis de ciclo de vida openLCA el 
cual nos proporciona mediante el método de evaluación de impacto ILCD 2011Midpoint, los 
kg de dióxido de carbono equivalente, indicador de la categoría de impacto de cambio 
climático, emitidos por unidad funcional de cada proceso. Estos resultados son clasificados 
en tablas según su unidad funcional.  
 
 
6. Proceso de armonización y resultados 
 
Es preciso realizar un proceso de armonización para poder comparar los resultados entre 
procesos de diferente unidad funcional.  
 
Este proceso se lleva a cabo a partir de unas equivalencias entre unidades funcionales. Estas 
equivalencias se extraen a partir del software openLCA, el cual nos permite conocer los 
diferentes flujos de entrada y salida de cada proceso. La idea es homogeneizar todos los 
resultados a una misma unidad funcional que en este caso es el kilovatio producido. De esta 
manera se podrá comparar los procesos P o P+ I medidos por unidad de área de célula 
producida o ítem instalado y así poder desglosar el porcentaje de emisiones que genera cada 
proceso. Las equivalencias obtenidas se adjuntan en la siguiente tabla.  
 
 
 
Células de silicio multicristalino 
1 kWh equivale a 1,205E-5 paneles instalados 
1 kWh equivale a 1,205E-5 paneles * 22,79 m2 / panel = 2,75E-4 m2 
 
Células de película delgada de CdTe 
1 kWh equivale a 1,099E-5 paneles 
1 kWh equivale a 1,099E-5 paneles * 34,3 m2 / panel = 3,77E-4 m2 
 
Tabla 1: Equivalencias de armonizacion 
 
 
Tras el proceso de armonización se obtienen una serie de resultados que se encuentran 
clasificados en dos tablas, una por cada tecnología estudiada. La diferente tonalidad dentro 
de las tablas indica la procedencia de los datos, pues se ha trabajado con dos bases de datos 
diferentes. 
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Tabla 2 Resultados de impacto de cambio climático de los procesos de las células de telururo de cadmio 
 
 
Tabla 3 Resultados de impacto de cambio climatico de los procesos de las celulas de silicio multicristalino 
CdTe 
Process Climate change 
g CO2 equivalent 
Material acquisition and Production (P+D)     27,98 
Material acquisition and Production (P+D) 27,63 
Slanted-roof installation (P+I+D) 51,28 
Slanted-roof installation (P+I) 43,67 
Operation (P+I+O)* 43,86 
Full life cycle (P+I+O) 2025 Pessimistic 12,19 
Full life cycle (P+I+O) 2025 Realistic-optimistic 7,95 
Full life cycle  (P+I+O) 2025 Very optimistic 7,08 
Full life cycle  (P+I+O) 2050 Pessimistic 5,45 
Full life cycle  P+I+O 2050 Realistic-optimistic 3,78 
Full life cycle (P+I+O) 2050 Very optimistic 3,08 
Multi-Si 
Process Climate change 
g CO2 eq 
Material acquisition and Production (P) 34,798 
Material acquisition and Production (P) 21,564 
Material acquisition and Production (P) 34,255 
Material acquisition and Production (P+D) 48,081 
Material acquisition and Production (P+D) 58,013 
Façade 3kWp installation (P+I) 76,228 
Flat roof 3kWp Installation (P+I) 81,053 
Slanted roof 3kWp Installation (P+I+D) 81,919 
Slanted roof 3kWp  Installation (P+I+D) 68,845 
Slanted roof Operation  (P+I+O) (wafer)* 67,300 
Slanted roof Operation (P+I+O) (ribbon)* 62,790 
Façade Operation (P+I+O+D) 113,08 
Ground mounted Operation (P+I+O) 103,61 
Flat roof Operation ( P+I+O) Today 93,1 
Tilted roof Operation ( P+I+O) Today 91,9 
Facade  Operation ( P+I+O) Today 155,31 
Ground mounted Operation ( P+I+O) 2025 Realistic-optimistic 20,07 
Ground mounted Operation ( P+I+O) 2025 Pessimistic 31,99 
Ground mounted Operation ( P+I+O) 2050 Realistic-optimistic 11,67 
Ground mounted Operation ( P+I+O) 2050 Very optimistic 7,93 
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7. Revisión bibliográfica y critica sobre la calidad de los datos  
 
En este apartado se va a realizar un resumen de la información recopilada de estudios 
publicados de análisis de ciclo de vida para estos dos tipos de células fotovoltaicas. 
 
Se ha prestado especial importancia a los estudios sobre procesos de la etapa fin de vida ya 
que no están incluidos en las bases de datos. Concretamente se ha revisado dos estudios 
sobre el reciclaje de paneles fotovoltaicos, uno por cada tecnología estudiada. 
 
 Por un lado, el ACV realizado a las células de película delgada concluye que tras la ejecución 
del proceso de reciclaje propuesto se consigue que el conjunto de los procesos de fin de vida 
emitan -0,94 g de CO2 eq por kilovatio producido, este valor es negativo debido a que los  
 
créditos recuperados por el material reutilizado suponen una reducción de las emisiones 
mayor que el propio valor de las emisiones generadas por los procesos de fin de vida sin 
incluir el reciclaje. 
 
Por otro lado, el ACV sobre los procesos de fin de vida para células de silicio concluye que el 
conjunto de los procesos de fin de vida, incluyendo la recuperación de material a partir de 
reciclaje, genera 0,11 g of CO2 eq por kilovatio equivalente. 
  
La información recopilada sobre los procesos de reciclaje se utiliza para completar dos 
procesos P+I+O de las bases de datos, obteniendo el ciclo de vida completo para los dos tipos 
de células estudiadas. Esto permite poder así estudiar el perfil de emisiones y su distribución 
a lo largo de todas las etapas del producto, desde el comienzo hasta su fin de vida. El 
desarrollo de este proceso se encuentra explicado en el apartado 9.1.1 Update of previous 
data sets based on findings. 
 
De manera adicional, se han consultado otros estudios más generales que aplican el análisis 
de ciclo de vida a todo el conjunto de procesos. Esto se ha realizado con la intención de 
contrastar si el orden de magnitud y la variabilidad obtenida en los resultados con el software 
openLCA era fiable. 
  
Por último, se ha realizado un análisis crítico a toda la información recopilada para identificar 
el margen de error y las causas de la variabilidad entre las diferentes fuentes de información. 
En líneas generales se destaca una falta de homogeneidad tanto en la información extraída 
de las bases de datos como la extraída de la revisión bibliográfica. Esto se puede apreciar a 
diferentes niveles. 
 
En primer lugar, las fuentes de información son bastante opacas, pues es difícil conocer los 
datos desglosados de los procesos. De hecho, para una de las bases de datos estudiadas, 
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es imposible conocer los subprocesos que están incluidos dentro de un mismo dato, lo que 
explica la diferencia entre los resultados de diferentes bases de datos. Por otro lado, es 
preciso mencionar el error cometido al realizar el ejercicio de armonización entre los datos, 
pues se ha empleado un factor de conversión constante para todas las tecnologías del mismo 
tipo, y realmente este valor es variable de acuerdo con las especificaciones de cada proceso.  
 
 
8. Conclusiones  
 
Finalmente, las conclusiones obtenidas tras todo el proceso de análisis son las siguientes: 
 
• Para ambos tipos de células fotovoltaicas, la etapa producto es la que emite mayores 
emisiones. Dentro de esta etapa nos encontramos los procesos de adquisición de 
material, producción de células y películas finas, montaje de estructuras y la 
producción del inversor (BOS). Por tanto, las líneas de investigación deben de 
concentrarse en el aumento de la eficiencia de conversión de la energía eléctrica para 
reducir la cantidad de material requerido, así como en el desarrollo de nuevas 
tecnologías de fabricación mejoradas. 
 
• El valor medio de emisiones de dióxido de carbono equivalente de los procesos que 
engloban las etapas de producción del panel, instalación y producción del “balance of 
system” para las células de silicio multicristalino es 83,88 g CO2 por kilovatio generado, 
lo que supone prácticamente el doble de emisiones en comparación con el valor medio 
respecto a las películas delgadas de telururo de cadmio, 43,86 g CO2. Desglosando 
estos valores, se puede apreciar cierta variación en las distribuciones en porcentaje 
entre los dos tipos de tecnología fotovoltaica.  
 
• Para las células de silicio los porcentajes de emisión Producción, Instalación, BOS son 
alrededor de 70-20-8 % respectivamente. Para las películas delgadas de teluturo de 
cadmio estos mismos procesos tienen una distribución de porcentajes, 50-35-13 % 
respecto al valor de la emisión global, respectivamente. Esta desigualdad de 
distribuciones se puede explicar debido a la diferencia de cantidad de material 
requerido para su producción de los paneles, lo que conlleva unas necesidades 
energéticas dispares.  
 
• Las láminas de silicio multicritalino tienen una mayor cantidad de material por metro 
cuadrado, es decir, es decir, su grosor es de un valor considerable respecto a su 
superficie útil. Por el contrario, las láminas de película delgada de telururo de cadmio 
son mucho más delgadas, sin embargo, requieren de mayor superficie útil debido a su 
menor eficiencia de conversión. Todo esto se traduce en que, a igualdad de producción 
eléctrica, por un lado, la tecnología de silicio necesitara gran cantidad de energía en 
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su etapa de producción debido a sus altos requerimientos de material y de ahí la gran 
diferencia de porcentajes respecto a cantidad energía en la instalación debido a su 
mayor extensión en detrimento de la producción, de ahí la mayor equiparación de 
porcentajes. 
 
 
• Existe una gran falta de información respecto a los procesos de tratamiento de 
residuos y reciclaje para las células fotovoltaicas. Esto se explica debido a que este 
tipo de tecnologías tienen una vida útil alrededor de los 30 años y hace apenas 20 que 
pueden considerarse como tecnologías competitivas. Por tanto, en las siguientes 
décadas se prevé un aumento exponencial de desechos, provenientes de estas 
tecnologías. Es por ello que el estudio de procesos de reciclaje y recuperación de 
materiales es de vital importancia. Por ejemplo, uno de los métodos de reciclaje 
analizados en este trabajo de fin de carrera permite la reducción de un 10% de las 
emisiones totales gracias a la recuperación de materiales 
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Executive summary 
 
Global climate change concerns have led to a growing demand for renewable energy sources. 
However, the viability of these emerging technologies is critically dependent on environmental, 
economic, and technological considerations. Electric power generation stands out as one of 
the activities with the largest CO2 emissions. Among all the electricity production energy 
sources, solar technologies constitute as an environmentally advantageous power source, and 
therein, photovoltaic systems. This emerging technology appears quite attractive for electricity 
generation because it is noiseless, it has a profile distribution of low carbon dioxide emissions 
throughout its life cycle, and it requires rather simple maintenance operations. However due 
to its short working experience compared to other well stablished technologies, still has scope 
for further development. LCA method has been proved as a useful tool to deeply analyze in a 
disaggregated manner all the stages in a PV cells life cycle. This allow us to detect hot spots 
in term of environmental impacts and therefore work to identify new research paths and 
develop newer and more efficient processes. 
 
This thesis aims to examine the environmental performance of the two most representative 
photovoltaic cell types: Cadmium telluride and multi-crystalline silicon. To do so, data from a 
great number of life cycle processes (e.g. production, installation or operation) of real PV 
systems has been collected, and assessed through life cycle analysis (LCA). The software 
used for the calculations is openLCA 1.6.2 and is assessment method followed is ILCD 2011 
from a midpoint approach. The calculated impact results are measured in Kg of Co2 equivalent 
per functional unit and classified in tables according the processes involved. 
Results of previous LCA studies of PV systems are reviewed as well. A harmonization process 
has been done among the calculated results and the ones extracted from previous LCA studies 
to subsequently contrast and combine them, as some processes e.g. recycling, were not 
included on the collected databases. 
 
Finally, an exercise of analysis has been attended to identify the possible factors which may 
have caused the variability among calculated and previously LCA studies results.  
 
After all the assessment process the main conclusions are as follows: 
 
 
• The stages that account the highest rates of GHG emission for both Multi Si and CdTe 
cells are all the upstream processes (raw materials pre-treatment, film deposition, if 
speaking about CdTe or cell production in case of silicon based cells and panel or 
laminate production) and mounting structures followed by balanced of system (BOS) 
components. Therefore, the future research lines must seek increasing cell efficiencies 
to reduce the materials requirement and better manufacturing technologies like 
advanced production processes.   
 
Comparative LCA of commercial photovoltaic technologies based on current conditions 
 
V 
 
• According to the studied databases Multi crystalline silicon pv systems account a mean 
value of 83,88 g CO2 equivalent which is almost twice as high as the average ghg 
emissions of CdTe technologies 43,86 g CO2. The distribution in percentage of 
Production - Installation - BOS GHG emissions of the two technologies is slightly 
different: for silicon based PVs 70-20-8 % and for CdTe PVs, 50-35-13 % of the total 
emission rate respectively. This can be explained due to the difference of material 
requirements and therefore energy demand. Multi Si PV cells require a bigger amount 
of materials during the production stage as the panel or laminates are thicker in 
comparison with CdTe laminates. In contrast thin film have a larger surface area due 
to lower efficiencies, and thus need more materials for the mounting systems 
 
 
• Recycling processes set the path for future ways of improvement. It is expected that 
this type of waste will largely increase in the next decades. The Recycling process 
proposed in Held,M. (2009 leads to a reduction of 10% from the total GHG emissions 
due to the material recovery credits 
 
 
Keywords:   Life cycle assessment (LCA), Photovoltaics (PV), Cadmium telluride (CdTe) 
Multicrystaline-Silicon (Multi Si), climate change, GHG emissions. 
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1. Introduction 
 
 
 
1.1. Background 
 
There are around 7400 Million of people living in the Earth nowadays. The population growth 
as well as the global energy demand have always been rising ratios. This trend is not steady 
but exponential and it strengthens with each technological breakthrough, for instance, the 
invention of the steam engine, the development of commercial aviation or Internet. 
 
In order to meet the energy demand of the world´s growing population, different energy sources 
had been exploited. During the last five decades of the 20th century and the beginning of the 
21st century, fossil fuels had been the leadings energy sources, due to its high-energy density 
and its low price. However, the present trend is slowly shifting away from this coal and natural 
gas strong reliance to a much cleaner energy mix. 
 
Fossil fuels are limited recourses and they emit, during the combustion process, large amounts 
of carbon dioxide, which is one of the main Greenhouse Gases (GHGs). There is thus, an 
urgent need of efficient and greener alternatives. It is proved that for all renewable energy 
chains, the inputs of finite energy resources and emissions of greenhouse gases are much 
lower compared with the conventional power systems. (Pehnt 2006) Therefore, renewables 
represent and important asset for the sustainable future of the planet. 
 During the recent years, renewables have experiment the fastest growth in terms of energy 
production. They grew up to 15.2% in power generation. In 2015, wind energy (+17.4%) 
remained the largest source of global renewable electricity (52.2% of renewable generation) 
and solar power experimented the highest growth in terms of generation (32.6%). (BP 
Statistical Review of World Energy 2016).  
 
However, from a global perspective, renewables constituted in 2015 just a 2.8% of the World´s 
energy consumption. (BP Statistical Review of World Energy 2016). Therefore, in order to be 
a feasible option to the detriment of fossil fuels, a full life cycle optimization it is required. To 
do this, Life Cycle Assessment, constitutes as a useful tool. 
 
LCA is an assessment method which is used to compare and optimize existing product 
systems, as well as, to achieve environmental improvements from raw materials to waste 
products. LCA helps to identify environmental problems and to point out where improvements 
are most urgently needed. The improvement analysis should result in suggestions for the 
development of more sustainable products and production processes. The common guidelines 
for the improvement for production chain are the following: substitution of material flows 
(hazardous materials should be exchanged for less harmful ones and non-renewable materials 
for renewable ones) and dematerialization, efforts should be made to use smaller amounts of 
materials to provide the same service. Whenever possible, the quality of a product should be 
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improved to increase its life time. Linear flows should be replaced by cyclic flows, which can 
be achieved by reuse or recycling of materials. (Andersson et al.1998)  
 
1.2. Scope and Motivation 
 
In recent years solar power generation systems have been gaining unprecedented attention 
as a promising technology to mitigate the environmental issue such as global warming. In most 
countries, the economic activity that emits the largest amount of CO2 is electric power 
generation. Solar energy is environmentally advantageous relative to any other energy source 
in terms of electricity production. Among various solar energy technologies, photovoltaic (PV) 
appears quite attractive for electricity generation because it is noiseless, no carbon dioxide 
emission during operation, scale flexibility and rather simple operation and maintenance. (Ho 
DT 2009)  
Photovoltaic technology has a great potential, its power supply can be used for whether small 
consumer products or large power stations feeding electricity into the grid. 
PV technology still has great scope for improvements in performance, production, and 
sustainability. Therefore, the aim of this thesis is to analyze and compare two commercial PV 
technologies, one 1st generation and on 2nd generation, using datasets of actual PV life cycle 
processes (production, installation, operation, decommission…) to assess their potential 
environmental impacts, to identify its environmental hot spot (i.e. processing stages with the 
most relevant impacts) as well as to point out gaps and ways of improvements among the LCA 
method and the data assessment of PV technology. 
 
1.3. Approach and structure of the work 
 
Throughout the development of this thesis two main stages are to be distinct, these are 
research and implementation. The research´s aim is to provide the information basis of the 
implementation part. The chapters from three to five belong to the research part, and the 
chapters from six to eleven belong to the implementation stage.  
 
The first chapter provides a description about the Global Energy demand and consumption 
evolution, as well as the Energetic market with particular attention to renewables and 
photovoltaics. The LCA methodology is introduced. 
 
In the second chapter, the LCA methodology is briefly explained. We can also observe a 
graphic which shows the different work steps taken. There are two main work stages, 
Research, and Implementation, these in turn are subdivided into points.  
 
The third chapter focuses in photovoltaic technology it is subdivided in classification, 
economic and efficiencies trends, components, installations types and downstream 
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processes. It provides an accurate basis of the two selected PV technologies for the life cycle 
assessment  
 
The fourth chapter explains more in to depth the LCA method. All the methodological 
bases  and terminologies are explained. Then all this information is applied to photovoltaics. 
 
The fifth chapter explains de Scenario analysis from a global perspective and subsequently it 
is applied to PV. 
 
The sixth chapter provides an introduction of the LCA for PV systems. The different stages of 
PV full life cycle are explained  
 
The seventh chapter starts with the implementation part of the work. It consists of the Inventory 
analysis. Data from CdTe and Multi-Si LCA´s databases is analyzed and structured in tables.  
 
The eighth chapter is the impact assessment. Impact Results of all the stages are processed 
and compared. Harmonization methods are explained and applied. 
 
In the ninth chapter data from published LCA studies of PV technologies is collected in order 
to obtain full lifecycle information and contrast the obtain results in the previous chapter. 
  
The tenth chapter is focused on assessing the resulting data quality. Gaps and 
inhomogeneities among the studies and databases are identified. 
 
In the eleventh chapter the findings and conclusions are subsequently presented according 
the data results and comparison with scientific studies. 
 
The twelfth chapter, shows the temporal planning through a Gannt diagram, which provides 
disaggregated information about distribution of the working hours. The thesis budget is also 
presented in this chapter.  
 
 
2. Methodology 
 
 
As has been mentioned above, the second and main part of this thesis, that is, the analysis of 
the researched data, it has been structured following the guidelines of the Life cycle 
assessment. 
 
LCA is a structured, comprehensive method of quantifying material and energy flows and their 
associated emissions caused in the life cycle of goods and services. It covers all the life cycle 
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stages: raw material and primary energy extraction, material and energy supply, manufacture, 
use and end of life, including transport and waste management services where needed.  
 
As recommended by ISO 14040, a Life Cycle Assessment should consist of four stages of 
work which interrelate between each other (Curran 2013). These stages are: 
  
• Clearly defining the goal and scope of the study (including selecting a functional unit). 
• Compiling an inventory of relevant energy and material inputs and environmental 
releases 
• Evaluating the potential environmental impacts associated with identified inputs and 
releases. 
• Interpreting the results to help decision makers make a more informed decision 
 
 
It should also be mentioned that in some of the analyzed data sets the information provided 
does not come from present existing processes but from plausible future scenarios. These 
scenarios are generated by means of the method Scenario Analysis, which would be 
explained further on.  
 
 
 
Figure 1 : LCA stages of work 
 
 
2.1. Methodical approach 
 
The outline of the different stages of this thesis and the existing interrelation between them is 
represented in the following figure: 
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Figure 2 Thesis conceptual schema 
 
3. Photovoltaics  
 
 
The two chosen PV technologies on which the implementation part it is going to be focus are 
Multi-Crystalline Silicon cells and CdTe cells. Up to date, both types of cells constitute them 
self as the most promising technologies regarding price-efficiency and they are leading the 
market production. Moreover, according to IHS data base in, 74,4% of all the Crystalline-Si 
cells produced in 2015 were Multi-Si and 59,5% of the thin film cells produced were CdTe.  
 
 
3.1. Classification 
 
PV technology its most commonly classified by the type of semiconductor material used. In 
one hand, Crystalline Silicon cells, also called 1st generation, have the highest performance of 
the PV market and they have been leading the market since early stages of PV development. 
In the other hand, thin film cells, also called 2nd generation, can be made from different types 
of compound materials as CdTe, CuInSe2 and CdS or non-crystalline Silicon. They constitute 
a promising alternative to crystalline Silicon due to its competitive prices, its light weight, and 
its characteristic malleability. They are emerging fast in the market. However, thin film 
technology still needs to fully be optimized in terms of efficiency to be a strong alternative to 
multi and mono Silicon cells. 
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Figure 3: Outlook of the different photovoltaic technologies 
 
It is also worth to mention that there is a third generation of photovoltaics which constitute a 
promising line of development for solar technology. These are: dye-sensitized solar cells, 
organic photovoltaics, perovskite solar cells and quantum cells. They are at an early stage of 
development and they still need a full lifecycle optimization. 
 
 
 
 
 
 
Figure 4 PV classification (6) 
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3.2. Economic development. Global market 
 
 
The photovoltaic market is fast growing and dynamic. This can be explained with cost reduction 
and efficiency increasing trends as well as the rise of concern of governments and therefore 
investors, about sustainable energy need observed within the past decades until nowadays. 
Moreover, if we analyze the price learning curve below, we can see that for the past 35 years, 
each time that the  cumulative production of PV doubled, the price went down by a 20%. 
(Fraunhofer ISE 2016) 
The Compounded Annual Growth Rate of PV installations, which quantifies the earnings 
obtained from an investment in a particular market, was a 41% between the years 2000 and 
2015.  
 
 
Figure 5: price learning curve (Fraunhofer ISE 2016) 
 
 
When speaking about PV production, in 2015, China was leading the market with 71% of share 
followed by the rest of Asia pacific and central Asia with a 14%. Europe’s share was 5%. 
(Fraunhofer ISE 2016) 
 
At the end of 2015, global installed solar PV capacity totaled around 240 GW. More than 30 
countries have established national solar generation capacity targets for 2020 and after. The 
combined national targets for 2020 total more than 350 GW. Total installed solar PV capacity 
in the top six countries represented 76% of the world total in 2012 and 61% of the global target 
total for 2020. At current PV manufacturing capability of 60 GW/year, there is sufficient 
capability to supply an additional 400 GW of new capacity between 2013 and 2020, well above 
the aggregated national targets. (International Energy Outlook 2016) 
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Figure 6: World installed solar photovoltaic capacity by country and projected total installed capacity in 2020 
(gigawatts) 
 
3.3. Efficiency  
 
Silicon Crystalline semiconductors have the highest performance as compared the other 
options available in the market. While, the solar cells based on the less pure materials viz. 
polycrystalline or amorphous inorganic or organic materials, or combination of these having 
less performance but lower costs. Advancement in the research and development related to 
different types of solar cell materials is going on. This is reflected in the general increasing 
efficiency trend for all the PV technologies throughout the years.     
 
 
Figure 7 Efficiencies development (Fraunhofer ISE 2016) 
 
3.4. Components 
 
Solar cells are the basic component of a photovoltaic system. Cells incorporate a p n-junction 
in a semiconductor across which the photovoltage is developed. The semiconductor material 
has to be able to absorb a large part of the solar spectrum. Dependent on the absorption 
properties of the material the light is absorbed in a region more or less close to the surface.  
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For practical use, solar cells are packaged into modules containing either several crystalline 
Si cells connected in series or a layer of thin-film material which is also internally series 
connected. The module serves two purposes, it protects the solar cells from the ambient and 
it delivers a higher voltage than a single cell which develops only a voltage of less than 1 V. 
(Dincer y Meral 2010) 
 
Figure 8: Illustration of PV cell, module, and array (Hsu et al. 2012, pág. 7) 
 
Modules are embedded in layers one each on the front and the back. A glass poor in iron is 
used for the front cover. The sandwich is joined under pressure and heat, the edges are 
purified, and the connections are insulated. A connection box is installed. The panel gets 
additionally an aluminum frame. Laminates are modules without a frame hat and can directly 
be integrated into the building. Finally, panels and laminates are tested and packed.  
 
 
Figure 9 Crystalline silicon and thin film cell components from a cross section view 
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A PV system consist of two main components: the PV panels or laminates and the balance of 
system (BOS). The BOS are structures for mounting the modules and converting the 
generated electricity to alternate current electricity of proper magnitude for usage in the power 
grid. (Renp1 2011) 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.5. Production processes 
 
Concerning Multi crystalline cells, we can distinguish two production options. In the 
conventional method, raw silicon is melted and poured into a square mold, which is then cooled 
and cut into perfectly square wafers which form solar cells.  
 
As an alternative method, vertical sheets are pulled through a bath of molten silicon, which 
results in very thin silicon ribbons. This technique produces low cost Si due to the high 
Figure 10: PV lay out (renp1 2011) 
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utilization of the Si feedstock and the absence of ingot sawing and wafer etching. (Hanoka et. 
al 2001) 
 
 
Concerning CdTe thin film, the production starts with the obteinance of Cd and Te by 
respectively, smelting Zn- and Cu-ores. Then, Cadmium is further processed and purified to 
meet the purity required for synthesizing CdTe. Additional leaching and vacuum distillation 
gives Cd and Te powders of semiconductor grade (i.e., 99.999%). (Fthenakis y Kim 2011) 
 
 
 
  
Figure 11 Silicon and CdTe PVs production processes (Fthenakis y Kim 2011) 
 
 
3.6.  PV installations  
 
PV systems can either be mounted (Panels) or integrated (Laminates). CdTe technology are 
only available for laminates, whereas silicon based cells can be used for panels and laminates. 
 
When speaking about mounting systems we distinct three main options: roofing system, 
ground systems or building integration: 
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• Roof mounts: Depending on the geographical position of the structure, the PV modules 
might have to be inclined or not. (flat or tilted roofs). Panels can be mechanically fixed 
to the roof structure or based on weight foundation.  
 
  
• Ground mounted: Although ground mounts are typically more expensive than roof 
mounts, they are an ideal solution when a roof is unavailable or impractical. Plus, you 
get to avoid climbing ladders and the dangers of clambering around on the roof. Ground 
mounts also eliminate the need for roof penetrations and keep electrical components 
off the roof. Ground-mounted systems can operate more efficiently, since there’s 
usually more airflow underneath the array and thus less energy loss from heat.  On the 
downside, ground-mounted systems involve concrete foundations and digging 
trenches for conduit. Installation is more susceptible to rocky ground and the weather, 
as rocks, mud, or frozen soil can turn an otherwise easy installation into a serious 
challenge. 
 
Figure 12: Ground mounted PV structure 
 
Figure 13: Slanted roof PV structure 
 
Comparative LCA of commercial photovoltaic technologies based on current conditions 
 
-13-  
• The other option it is called (BIPVs) and relates to the building integration of PV 
laminates which become an integral part of the building such as roofs or facades 
(BIPVs) replacing conventional construction materials. 
 
The BIPV system serves as building structure material and power generator 
simultaneously. This can provide savings in materials and labor, and also reduce the 
electricity costs. An elevated temperature in the module decreases the performance of 
the solar cells, especially for mono- and polycrystalline modules. The thin-film products, 
on the other hand, perform more independently of the temperature. (Petter Jelle et al. 
2012) 
 
CdTe technologies are mainly used in laminates for roof mount configuration and building 
integration. By contrast silicon based cells, are used for all types of configuration, ground 
mount, roof mount or BIPV. 
 
 
Figure 14: Curved clay looking solar  
 
 
Figure 15: Glass ceiling with transparent BIPV modules  
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3.7. End of life. Decomissioning and Recycling 
 
 
Until few years ago, the problem of PV modules disposal was not particularly important 
because of the young age of photovoltaic technology and the longevity of the modules, 
estimated on average at least 25e30 years. On the other hand, first significant volumes of PV 
installations begun in the early 1990s, especially in Germany, USA and Spain, so the great 
influx of waste modules will not happen until 2020. 
In general, it can be said that after about 25-30 years of operation, a PV module starts to show 
signs of aging, which typically occur through the decay of the productivity, reduction in yield 
and a consequent decrease in the overall efficiency of the plant. Theoretically, the working life 
of a PV system is potentially infinite since there are no moving parts, however, natural 
degradation of the materials may occur. The decline in performance that follows leads to the 
disposal of the modules. Therefore, a system that for years, during its use, produced clean 
energy can become, at the end of its life, another of many technological devices difficult to 
dispose which clog up landfills. (Giacchetta et al. 2013) 
 
 
 
There are different options available to handle products or systems reaching their end-of-
life: 
 
• recycling of materials for further utilization, 
 
• incineration of materials, 
 
• disposal of material as wastes (e.g., land filling of solid and waste water treatment of 
liquid fractions). (Held y Ilg 2011) 
 
 
 
Getting more in to depth with Recycling, in general terms, this process can be divided into 
three macro-steps: 
 i) mechanical, chemical, or thermal de-lamination, ii) chemical de-coating and iii) chemical 
refining. However, these phases can differ basing on the constructive technology of PV panels. 
In particular: 
• The recycling of mono and poly crystalline (x-Si) solar cells involves pyrolysis, for 
the recovery of crystalline silicon wafers  
 
Comparative LCA of commercial photovoltaic technologies based on current conditions 
 
-15-  
• The recycling of CdTe solar cells involves a chemical process to strip metals and 
additional steps of chemical treatments to separate and recover critical metals (e.g. 
Cd and Te) (Cucchiella et al 2015)  
 
 
 
4. LCA 
 
 
In this chapter, the LCA method will be addressed in detail. The structure and the different 
stages of work are explained, first from a general perspective and as subsequently, it is applied 
to analyze the life cycle of the photovoltaic technology. 
 
4.1. Goal and Scope - cut-off and system boundary  
 
This first stage of work is of unquestionable importance. For the goal definition, the reason for 
carrying out the study must be clearly reported. When it comes to scope definition, the main 
task is to fully characterize the product system and to do this, parameters like, the functional 
unit, reference flow, assumptions, requirements on data and its quality, impact categories, and 
limitations must be detailed and specified.  
 
One of the most relevant task of scope definition is to identify the system boundary. This 
involves deciding which processes and elementary flows to include in an LCA study. Mass, 
energy, and environmental relevance have been established as the cut-off criteria used to 
exclude any insignificant inputs, outputs or unit processes from a study. (Ling-Chin et al. 2016) 
 
 
Figure 16: General description of a buildings life-cycle including a number of potential service life, referred to as 
life time (Erlandsson y Borg 2003, pág. 927) 
 
4.2. Inventory Analysis (LCI) and Impact Assessment (LCIA) 
 
These two work stages are closely interrelated. The inventory analysis involves the compilation 
and quantification of inputs and outputs for a product throughout its life cycle. In Impact 
assessment, all the collected data from LCI is analyzed aimed at understanding and evaluating 
the magnitude of the potential environmental impacts for a product system throughout its life 
cycle. 
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 According to ISO (2000), LCI results are first classified into impact categories. Some of these 
categories are shown in the following figure.(Jolliet et al. 2004) 
 
 
 
Figure 17: General structure of the LCIA framework (Jolliet et al. 2003b). 
 
 
When performing LCIA, assessors may adopt the midpoint and endpoint approaches. As 
defined in (ILCD 2011), both approaches are characterization models which provide indicators 
at different levels. The endpoint approach evaluates the environmental impact at the areas of 
protection level, such as human health, ecosystem, and resource. In contrast, the midpoint 
approach assesses the environmental impact at a level in cause-effect chain from the release 
of substance or consumption of resource (Dong y Ng 2014). 
 
 
4.2.1.  Impact categories 
 
 Levels of atmospheric CO2 are increasing rapidly due to human activities. Thus, the changing 
carbon cycle is viewed not only as a primary driver of climate change, but also as a primary 
source of uncertainty in projecting future climate trends. Among all the midpoint impact 
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categories, the ones that are closely related with carbon dioxide emission and carbon cycle 
alteration are climate change and land use. 
 
• Climate change 
 
It is often measured by CO2 equivalents which are related with temperature change. The 
contribution of different ghg gases like CH4 NO2 or CFs ist harmonized in grams of Co2 
equivalents. It quantifies the contribution of an emission to damage human health and natural 
environment. The human health effects included are thermal stress, flooding, malaria, 
starvation, and diarrhea, while for ecosystem damage, it considers the loss of terrestrial 
biodiversity. (Hauschild et al. 2013) 
 
 
 
 
 
 
 
 
 
 
 
Figure 18: Equivalent factor of different GHG gases 
 
 
• Land use 
 
The complexity encountered with assessing wildlife and habitat impacts encourages the use 
of impact categories such as land use. There is not yet a consensus on which metrics best 
describe the variety of uses of and effect on the land.  
 
 Land-use may be quantified by the following metrics:  
(i) land area “transformation” per unit of time-averaged power output (km2 GW−1)  
(ii) land area transformation per unit of electric energy generated (km2 TW h−1), and  
(iii) land area “occupation” per unit of electrical energy generated (km2 yr TW h−1).  
 
The metric “transformation” focuses on the action of changing the physical nature of the land. 
Alternatively, the metric “occupation” is a measurement of land being used for period of time, 
defined as land area multiplied by the length of time that the land area is held in use. The 
length of time needed for the land to recover from use should be included in this length of time. 
(Turney y Fthenakis 2011) 
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(iv) Additionally, land use is recognized as one important driving force for soil organic 
carbon (SOC) dynamics. Therefore, it can be also quantified as Kg of SOC.  
 
The Soil organic carbon plays an important role in the global carbon cycle, small 
changes in the SOC stock may have large impacts on the atmospheric 
CO2 concentration(Zhang et al. 2014). Moreover, one additional kg C stored in soil 
is equivalent to avoided GHG emissions of −3.67 kg CO2-eq. (44 kg CO2/12 kg C), 
whereas 1 kg C released to the atmosphere from SOC degradation equivales as 
3.67 kg CO2-eq (Brandão et al. 2011). 
Due to the lack of information and studies of Land use impact related with 
photovoltaic technologies, further on, we will be just focusing on Climate change 
impacts. 
 
4.2.2.  Indicators. Characterization factors. 
 
 
The goal of the LCA is to bring harmonization in technology to reduce the uncertainty for 
environmental impacts and energy performance therefore, make the information useful to 
decision-makers in the near term, as a comparative tool among technologic devices (for 
example, among solar technologies) and power generation sources (conventional and 
renewable). For this purpose, indicators are proved to be very helpful 
 
Indicator results are the outcome of the product between characterization factors and 
inventory data and they are obtained by means of characterization models (midpoint or 
endpoint). These models create, from each inventory emission, a quantitative appraisal of 
the potential impact and express it in terms of the common unit of the category indicator 
(e.g., kilogram CO2-equivalents for greenhouse gases contributing to the impact category 
climate change). (Hauschild et al. 2013) 
 
The same impact category can be measured by different indicators depending on the 
characterization model used. For example, Ozone depletion, according to ILCD 2011, should 
be measured in Kg of CFC E-11 equivalents. This is because the photo dissociation of the 
chlorofluoromethanes in the stratosphere leads to the destruction of atmospheric ozone. 
Alternatively, the WMO suggest using as a characterization factor for this category, 
ozone-depleting substances (ODS), which are chlorofluorocarbons (CFCs), 
and hydrochlorofluorocarbons (HCFCs) among others. 
 
The characterization factors for midpoint impact categories, according ILCD 2011, are showed 
in the following figure. 
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Figure 19: Characterization factors for midpoint impact categories extracted from Impact analysis report of 
OpenLCA1.6.2 
 
In contrast to midpoint, endpoint approaches evaluate environmental impacts from a protection 
level. Thus, all the categories affecting human health (Ozone depletion, Human toxicity, 
Climate change, Particulate matter, Photochemical Ozone formation and Ionizing radiation) 
are quantified by the same characterization factor: The DALY. 
 
 Disability-Adjusted Life Years (DALY): This indicator often related with all the Human 
health categories. It takes into account the years lost to premature death and express 
the reduced quality of life due to illness in years. It is used to quantify the burden of 
human disease resulting from environmental pollution and attribute it to the life cycle of 
products or services.  
 
 
In addition, it is worth to mention that there are other indicator types rather than impact 
indicators. These are Energy performance indicators: 
Figure 20: DALY endpoint indicator diagram (Golstain) 
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The main objective of an energy indicator is to give information regarding the energy efficiency 
relating to a delivered energy product. Several energy indicators exist today. Two of the most 
common energy indictors for renewable electricity generation are Energy Payback Ratio (EPR) 
and Energy Payback Time (EPT). A short description of these indicators is given below (Hanne 
et al. 2012) 
 
 Energy payback ratio (EPR): It is the ratio of total energy produced during a system's 
life cycle, divided by the energy required to build, maintain and fuel it. If a system has 
a low payback ratio, it means that much energy is required to maintain it and this energy 
is likely to produce many environmental impacts 
 
  Energy payback time (EPT): It is the time required for a generation technology to 
generate the amount of energy that was required to build, fuel, maintain and 
decommission it. 
 
 
 
Figure 21: EPBT formula applied to PV technologies 
 
 
4.3. Interpretation 
 
The results of LCA may depend on research boundaries and approaches to inventory analysis. 
Accordingly, in related interpretation, the effects of operation methods should be discussed. 
Usually, the data used in LCA include estimates and referred information. For this reason, if 
the data affect the results significantly, sensitivity analysis should be included. 
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5. Scenario Analysis 
 
Some of the inventory data from the databases which will be further analyzed on chapter 
seven, does not come from real processes, but it has been generated by means the Scenario 
analysis instead. 
 
Scenario analysis is an analytic tool which enables us to evaluate possible future events 
through the consideration of alternative plausible states of the world. They are not forecasts; 
rather, each scenario is one alternative image of how the future can unfold.’  
Scenarios recognize that several potential futures are feasible from any particular point in time. 
 
Figure 22: Conceptual diagram of a scenario funnel. (Mahmoud et al. 2009b) 
 
One of the most important characteristics of a scenario is, that it must be physically and 
politically plausible. Plausible scenarios provide logical descriptions and explanations of 
possible happenings, adding credibility to the body of work that scenarios are meant to 
supplement 
To eliminate redundancy, scenarios should be distinct by focusing on different driving forces 
and/or scenario objectives, yet still retain a set of common variable inputs so that results from 
different scenarios can be compared. 
Common scenario scopes include those of climate, socioeconomics, environment. For 
instance, technological scenarios take into account technology development which may affect 
to societal and environmental trends. (Mahmoud et al. 2009a) 
 
5.1. Scenarios applied to PV 
 
Focusing on the development of possible future scenarios for PV, two main fields are taken in 
to account: market development and environmental performance. Moreover, the key factors 
that may have a big impact in the future development of photovoltaics are: cost reduction, 
efficiencies increase, building integration and storage network.  
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In the inventory data of the data bases, three future scenarios for this technology can be 
distinguished: pessimistic, optimistic/realistic and very optimistic. What sets the differences 
from to another are the development trends for the four key factors and how well they interact. 
These scenarios forecast alternative paths of PV development by 2025 or 2050. 
 
 
6. LCA for PV systems. System boundary 
 
The full life cycle of a PV system is schematically presented in the following illustration: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23: Life cycle phases of photovoltaic modules (Held y Ilg 2011) 
  
According to EN 15804, 2013 three different stages must be distinguished in every life cycle: 
Product stage, Usage stage and End of life stage. The following parts should be included in 
the system boundaries: 
 
Figure 24: LCA main stages and processes for PV  
 
Product stage
UPSTREAM
• Raw material and 
energy supply
• Manufacture of the 
panels
• Manufacture of BOS
• Construction and 
installation
Use stage
OPERATIONAL
• Auxiliary electricity 
demand
• Cleaning of panels
• Maintenance
• Repair and 
replacements, if any
End-of-life stage
DOWNTREAM
• Deconstruction, 
dismantling
• Waste processing
• Disposal
• (Recycling and 
reuse)
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Based on this information, the life cycle flow charts of thin film and multi- Si PV modules are 
shown in the following figures; The three different life cycle stages are: 
 
 
 
 
Figure 25: Life cycle flow charts of thin film and multi- Si PV systems 
 
 
7. Inventory analysis for CdTe and Multi-Si cells  
 
 
The objective of this chapter is to extract, the compilation and quantification of inputs and 
outputs for the two PV technologies CdTe and Multi-Si selected throughout its life cycle. The 
analysis and the subsequent classification have been carried out in accordance with the 
principles of life cycle assessment (LCA).  
 
A different letter has been assigned to each set or processes in order to identify the stages 
boundaries, P (Production), I (Installation), O (Operation) D (Disposal / decommissioning) 
Then, according to this notation and some other categories like cell type, installation, region or 
scenario, the collected data has been structured in tables. 
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7.1. Types of data sets 
 
The information here analyzed it is extracted from openLCA Nexus which is an online 
repository for LCA data. It combines data offered by world-leading LCA data providers such as 
New Energy Externalities Developments for Sustainability (NEEDS Life Cycle Inventory) or the 
Ecoinvent Centre (Ecoinvent).  
 
 
   
 
 
• Ecoinvent This is the most famous LCA database worldwide used by around 4,500 
users in more than 40 countries. The database contains international industrial life 
cycle inventory data on energy supply, resource extraction, material supply, chemicals, 
metals, agriculture, waste management services, and transport services. The database 
is very transparent and consistent. Each data set is provided as unit process and 
aggregated system process. The exact version on which all the calculations will be 
based is ecoinvent v.3.3 which was released on the 15th August 2016. 
 
 
• NEEDS: The NEEDS Life Cycle Inventory Database is the European reference life 
cycle inventory database of future electricity supply systems created within the NEEDS 
project (New Energy Externalities Developments for Sustainability. The datasets 
contain descriptive information about the technology. Public technical reports, available 
for download, complement the documentation. Different scenarios for the technology 
development/electricity mix are considered in the database, regarding the future scope 
(today, 2025 or 2050) and regarding the perspective (pessimistic, realistic-optimistic or 
very optimistic). (Rodriguez) (17 January 2017) GreenDelta GmbH, NEEDS in 
openLCA 
 
 
7.2. Analysis of actual data sets 
 
As mentioned above, to classify the databases information, each life cycle stage has been 
assigned to a letter. Some of the stages contain more than one process. The main stages are: 
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 P 
 
- Materials procurement: This is the first stage of the life cycle, it contains all the 
process involving the purchase of raw materials like estimations of the different prices 
of the market and the amount of transportations required.  
- PV production: The production chain can be subdivided in three main processes, 
raw materials pre-treatment, film deposition (if speaking about CdTe) or cell 
production (if speaking of Multi-Si) and finally panel production 
 
  I 
 
Installation. It consists of constructing the mounting structure, mounting the panels on 
the structure and finally electric installation. 
 
  O 
 
Operation: Average electricity production during the life time of an specific PV 
installation. 
 
  D 
 
Dismantling: Disposal of components after end of life                                                                                       
  
The following figure represents a graphic representation of a simplified PV life cycle flow chart 
in order to facilitate the comprehension of classification of stages and the methodology to be 
followed. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 26: Simplified life cycle flow chart of PV technology 
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Recycling is not included in any data base. 
 
It is important to point out that although the main processes flow vertically, each process 
requires an amount of resources like energy or water as well as extra tools or services like 
transport and it produces a wide range of emission and waste. All of these flow horizontally. 
 
 
 
 
 
 
 
 
The following tables give specific information about all the processes found in the data bases 
related to CdTe or Multi crystalline PV and quantify the amount of processes with the same 
characteristics. 
 
Processes marked with * are analyzed more in detail in further sections. 
 
Table 1: Multicrystaline Silicon based PV processes extracted from Ecoinvent database 
Multi-Si ECOINVENT  
Process 
type 
Production 
type 
Installation Region Amount Timeframe 
P Wafer - EU, US 4  
P Ribbon - EU, US 4  
P+D Wafer - West Europe 4  
P+D Ribbon - West Europe 4  
P+I Wafer Facade Swiss 2 2016a 
P+I Wafer Flat roof Swiss 1 2016 a 
P+I Wafer Slanted roof Swiss 1 2016 a 
P+I Ribbon Slanted roof Swiss 2 2016 a 
I+D Wafer Facade Swiss 2 2012b 
I+D Wafer Flat roof Swiss 1 2012b 
I+D Wafer Slanted roof Swiss 3 2012b 
I+D Ribbon Slanted roof Swiss 2 2012b 
P+I+O Wafer facade Asia 6 2012c 
P+I+O Wafer Slanted roof Asia 76 2012c 
P+I+O* Ribbon Slanted roof Asia 4 2012c 
P+I+O* Wafer Ground 
mounted 
Asia 43 2012c 
Figure 27: horizontal flows 
Comparative LCA of commercial photovoltaic technologies based on current conditions 
 
-27-  
a This dataset has been extrapolated from year 2005 to the year of the calculation (2016 
b Data adopted from Jungbluth N. et al. 2012 
c The annual production volume valid for 2012 
 
Table 2 : Multicrystaline Silicon based PV processes extracted from NEEDS database 
 
Table 3: CdTe PV processes extracted from Ecoinvent database 
a This dataset has been extrapolated from year 2005 to the year of the calculation 2016 
Multi-Si NEEDS 
Process 
type 
Installation Region Scenario Perspective Amount 
P+I+O Flat roof Central and 
south Europe 
Today - 2 
P+I+O Ground 
mounted 
Central and 
south Europe 
Today - 2 
P+I+O Slanted roof Central and 
south Europe 
Today - 4 
P+I+O Vertical facade Central and 
south Europe 
Today - 2 
P+I+O Ground 
mounted 
Central and 
south Europe 
2050 Realistic-optimistic 2 
P+I+O Ground 
mounted 
Central and 
south Europe 
2050 Very optimistic 2 
P+I+O Ground 
mounted 
Central and 
south Europe 
2050 Pessimistic 2 
P+I+O Ground 
mounted 
Central and 
south Europe 
2025 Realistic-optimistic 2 
P+I+O Ground 
mounted 
Central and 
south Europe 
2025 Very optimistic 2 
P+I+O Ground 
mounted 
Central and 
south Europe 
2025 Pessimistic 2 
Observation: In this database, the production type (Ribbon/Wafer) is not specified 
CdTe ECOINVENT  
Process type Installation Region Amount Timeframe 
P - Global 1 2004 - 2005. 
P - Germany, US 2 2004 - 2005. 
P+I Slanted roof Swiss 1 2016a 
P+I Slanted roof Global 1 2016a 
P+I+O* Slanted roof Swiss 2 2008-2016 
Observation: All the observed processes were laminates   
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Table 4: CdTe PV processes extracted from NEEDS database 
a Representative for existing technology in 2004 in Europe and 2025 too 
 
 
8. Impact assessment for CdTe and Multi-Si cells 
 
 
In this section, the two selected PV technologies are to be compared.  This procedure involves 
an assessment and analysis of all the collected data from the databases so far, focusing a 
specific Impact category: Climate change  
The impact assessment will be carried out in accordance of the guidelines of the according the 
guidelines of ILCD (2011) from a midpoint approach. The results are going to be obtained by 
means of the OpenLCA, which is a open Software for sustainability assessment, focused on Life 
Cycle Assessments.  
 
The following two tables show the calculated impact values from the processes listed in the 
previous chapter. Each impact result is measured per functional unit. Due to the large amount 
of processes, the impact results are calculated for just one of the total amount for each process 
type.  
• CdTe ECOINVENT (blue)- NEEDS (green) 
 
• Multi-Si ECOINVENT (blue) - NEEDS (green) 
 
 
 
 
CdTe NEEDS 
Process 
type 
Installation Region Scenario Perspective Amount 
P+I+O Slanted roof Central and 
south Europe 
2050 Very optimistic 4 
P+I+O Slanted roof Central and 
south Europe 
2050 Realistic-
optimistic 
2 
P+I+O Slanted roof Central and 
south Europe 
2050 Pessimistic 4 
P+I+O Slanted roof Central and 
south Europe 
2025a Very optimistic 4 
P+I+O Slanted roof Central and 
south Europe 
2025 a Realistic-
optimistic 
2 
P+I+O Slanted roof Central and 
south Europe 
2025 a Pessimistic 4 
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Table 5: Climate change impacts of Multicrystaline Silicon based PV processes  
 
 
*All the processes which represent a future scenario are referred to ground mounted power 
plants located in Central Europe 
 
Multi-Si 
Process Functional unit Climate change 
(Kg CO2 eq) 
Material acquisition and Production (P) 1.0 m2 wafer 126,53705 
Material acquisition and Production (P) 1.0 m2 ribbon 78,41538 
Material acquisition and Production (P) 1.0 m2 ribbon cell 124,56511 
Material acquisition and Production (P+D) 1.0 m2 ribbon panel 174,83944 
Material acquisition and Production (P+D) 1.0 m2 wafer panel 210,95671 
Facade3kWp  installation (P+I) 1 item wafer panel 6325,96477 
Flat roof 3kWp Installation (P+I) 1 item wafer panel 6726,39665 
Slanted roof 3kWp Installation (P+I+D) 1 item wafer panel 6798,26770 
Slanted roof 3kWp  Installation (P+I+D) 1 item ribbon panel 5713,23902 
Slanted roof Operation 
(P+I+O) (wafer)* 
1.0 kWh 
 
0,0673 
Slanted roof Operation 
(P+I+O) (ribbon)* 
1.0 kWh 
 
0,06279 
Façade Operation 
(P+I+O) 
1.0 kWh 
 
0,11308 
Ground mounted Operation 
(P+I+O) 
1.0 kWh 
 
0,10361 
Flat roof Operation (O) Today 
 
1.0 kWh 
 
0.0931 
Tilted roof Operation (O) Today 1.0 kWh 
 
0.0919 
Facade Operation (O)  Today 1.0 kWh 
 
0,15531 
Ground mounted Operation (O) 2025 
Realistic-optimistic 
1.0 kWh 
 
0.02007 
Ground mounted Operation (O) 
2025 Pessimistic 
1.0 kWh 
 
0,03199 
Ground mounted Operation (O) 2050 
Realistic-optimistic 
1.0 kWh 
 
0.01167 
Ground mounted Operation (O) 2050 Very 
optimistic 
1.0 kWh 
 
0,00793 
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Table 6:Climate change impacts of CdTe PV processes 
 
All processes of this table are referred to electricity production during the life time of a tilted 
roof installation located in Central Europe 
 
 
 
 Observations 
 
It is important to point out the fact that each process has a different functional unit, therefore 
the comparison among them its qualitative and limited 
 
• Recycling is not included in any analyzed process. 
• In comparison, Multi-Si has greater environmental impacts than CdTe in all the stages. 
• There is less data of CdTe processes available. This is because it is a newer 
technology, less stablished. 
• All the stages related with ribbon cells have lower impacts when comparing with 
conventional multi Si. 
 
 
CdTe ECOINVENT 
Process Target amount Climate change 
(Kg CO2 eq) 
Material acquisition and Production (P+D) 1.0 m2 laminate 74,21358 
Material acquisition and Production (P+D) 1.0 m2 laminate 73,2855 
Slanted-roof installation (P+I+D) 1.0 Item 4666,01 
Slanted-roof installation (P+I) 1.0 Item 3973,65 
Slanted-roof Operation (P+I+O)* 1.0 kWh 0,04368 
Full life cycle (P+I+O) 2025 Pessimistic 1.0 kWh 
 
0,01219 
Full life cycle (P+I+O) 2025 Realistic-
optimistic 
1.0 kWh 
 
0,00795 
Full life cycle (P+I+O) 2025 Very optimistic 1.0 kWh 
 
0,00708 
Full life cycle (P+I+O) 2050 Pessimistic 1.0 kWh 
 
0,00545 
Full life cycle (P+I+O) 2050 Realistic-
optimistic 
1.0 kWh 
 
0,00378 
Full life cycle (P+I+O) 2050 Very optimistic 1.0 kWh 
 
0,00308 
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8.1.  Analysis of P+I+O processes  
 
The environmental impacts of three different processes of ecoinvent database are to be 
compared. These processes include the following life cycle stages: material acquisition, 
laminate production, module building, electric installation, and operation of a slanted roof 
power plant.  
 
 
These processes have been specifically selected among all because they contain the major 
number of life cycle stages and can be easily compared due to the fact that they are under the 
same conditions: same installation type (laminates integrated in a slanted roof system) same 
time frame (2007-2012) and same location (central Europe). The following graphics represent 
the impact results distribution of the different stages of each process. 
 
 
Figure 28: Climate change impact distribution of three full life cycle PV technologies 
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Multi Si (67,3 g Co2 eq) Ribbon Si (62,6 g Co2 eq) CdTe (43,7 g Co2 eq)
Climate change impact distribution - Slanted roof power 
plants
Production BOS (inverter) Mounting structure
Electric installation low voltage generation
Process Functional 
unit 
Climate change  
(g CO2 eq) 
Slanted roof operation (P+I+O) ribbon-Si 1.0 kWh  
 
62,6 
Slanted roof operation (P+I+O) wafer Multi-Si 1.0 kWh  
 
67,3 
Slanted roof operation (P+I+O) CdTe 1.0 kWh  43,7 
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8.2. Data harmonization  
 
An exercise of homogenization is required among the processes of the data bases in order to 
to compare processes with different functional unit. This is done by means of the OpenLCA 
tools. 
 
The idea is to homogenize the P and P+I processes and compare its environmental impacts 
with the data of P+I+ O. If the estimations are done accurately the environmental impacts of 
P+I process would be around 80-90% and for P processes around 60-70%. 
 
P and P+I Processes have different functional unit, we must adjust them, and this means 
answering the following questions: ¿How many installation items are required to produce 
1kWh? ¿How many square meters of panel/laminate are required to produce 1kWh? 
 
This equivalations can be obtained from the inventory data of the operational and installation 
processes. 
 
 
Figure 29: Inputs/outputs of an electricity production process of a  CdTe 3kWp slanted-roof system. OpenLCA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 30 Inputs/outputs of an installation process of a CdTe 3kWp slanted-roof system. OpenLCA 
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Figure 31: Inputs/outputs of an electricity generation process of a Multi Si 3kWp slanted-roof system. OpenLCA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 32: Inputs/outputs of an installation process of a Multi Si 3kWp slanted-roof system. OpenLCA 
 
 
 
• Silicom based PV estimations: 
 
1kWh     1,205E-5 installation items 
 
1kWh     1,205E-5 items * 22,79 m2 / item = 2,75E-4 m2 
 
 
• CdTe estimations 
 
1kWh 1,099E-5 installation items 
 
1kWh    1,099E-5 items * 34,3 m2 / item = 3,77E-4 m2 
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8.3. Harmonized results  
 
The following tables show the GHG emissions for all the inventory processes of the databases. 
The processes are measured in grams of Co2 equivalent per 1kWh. There are two tables, one 
for Multi crystalline silicon cells and one for CdTe cells. A distinction is made for the results of 
Ecoinvent processes (blue) and NEEDs processes (green). The harmonization has been done 
following the procedure explained in the previous chapter.  
 
 
 
 
Table 7: Climate change impact results of Multi Si PV processes per 1kWh produced. 
 
Multi-Si 
Process Climate change 
g CO2 eq 
Material acquisition and Production (P) 34,798 
Material acquisition and Production (P) 21,564 
Material acquisition and Production (P) 34,255 
Material acquisition and Production (P+D) 48,081 
Material acquisition and Production (P+D) 58,013 
Façade 3kWp installation (P+I) 76,228 
Flat roof 3kWp Installation (P+I) 81,053 
Slanted roof 3kWp Installation (P+I+D) 81,919 
Slanted roof 3kWp Installation (P+I+D) 68,845 
Slanted roof Operation (P+I+O) (wafer)* 67,300 
Slanted roof Operation (P+I+O) (ribbon)* 62,790 
Façade Operation (P+I+O+D) 113,08 
Ground mounted Operation (P+I+O) 103,61 
Flat roof Operation (P+I+O) Today 93,1 
Tilted roof Operation (P+I+O) Today 91,9 
Facade Operation (P+I+O) Today 155,31 
Ground mounted Operation (P+I+O) 2025 Realistic-
optimistic 
20,07 
Ground mounted Operation (P+I+O) 2025 Pessimistic 31,99 
Ground mounted Operation (P+I+O) 2050 Realistic-
optimistic 
11,67 
Ground mounted Operation (P+I+O) 2050 Very optimistic 7,93 
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Table 8: Climate change impact results of CdTe PV processes per 1kWh produced. 
 
To verify the estimations of the previous chapter, we are going to compare a P+I process with 
a P+I+O process.   
 
A P+I multi si façade process must account around a 70% of P+I+O+D Multi Si façade impacts. 
We can see that a P+I+O Multi Si façade system generates 113,08 g CO2 eq and the 
harmonized P+I Multi Si façade system:   
 
6325.96477
kg CO2 eq
𝑖𝑡𝑒𝑚
∙ 1,205E − 5 
𝑖𝑡𝑒𝑚
𝑘𝑊ℎ
= 76,23g CO2 eq which is 67,4% 
 
Summary of results 
 
• The mean of full life cycle ghg emissions of Silicon based PV (83,88 g CO2 equivalent) 
is almost twice as high as the average ghg emissions of CdTe technologies (43,86 g 
CO2 equivalent) 
• Among all the stages, production is for both technologies the stage with the greatest 
environmental impacts followed by installation and BOS.  
• For silicon based PV, the GHG emission distribution in percentage of Production - 
Installation - BOS account 70-22-8 % of the total emission rate respectively 
• For CdTe PV, the GHG emission distribution in percentage of Production - Installation 
- BOS account 53-34-13 % of the total emission rate respectively 
• CdTe PV future predictions for operational GHGs emission are way lower than for 
silicon based. 
• Electricity production is by far the life cycle stage with the lowest environmental impacts 
(1-2%) 
• Multi Si PV environmental impacts are around an 8% higher compared to Ribbon Si 
 
CdTe 
Process Climate change 
g CO2 equivalent 
Material acquisition and Production (P+D)     27,98 
Material acquisition and Production (P+D) 27,63 
Slanted-roof installation (P+I+D) 51,28 
Slanted-roof installation (P+I) 43,67 
Operation (P+I+O)* 43,86 
Full life cycle (P+I+O) 2025 Pessimistic 12,19 
Full life cycle (P+I+O) 2025 Realistic-optimistic 7,95 
Full life cycle  (P+I+O) 2025 Very optimistic 7,08 
Full life cycle  (P+I+O) 2050 Pessimistic 5,45 
Full life cycle  P+I+O 2050 Realistic-optimistic 3,78 
Full life cycle (P+I+O) 2050 Very optimistic 3,08 
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• Among all Silicon based installations types Façade accounts the highest impacts 
followed by Ground mounted. This is because both installations require a larger area 
compared to roof mounts. 
 
 
9. LCA published studies for CdTe and Multi-Si cells. 
 
In this chapter, conclusive results of current scientific articles and reviews are going to be used 
to complete and compare the obtained results from the previous chapters. 
 
9.1. Decommissioning and Recycling environmental impacts. 
 
As already mentioned, no end of life processes was found in the databases. Therefore, in order 
to obtain full life cycle data, two lca studies focused on end of life processes have been 
consulted, one for CdTe and other for Silicon based technology. It is worthy of mention the fact 
that there are not many available researches about this topic, mainly because of the low 
amount of panels that reached the disposal yet and the lack of data about their end of life.  
 
Michael Held carried out a Life cycle Assessment study to evaluate the environmental profile 
of the recycling of CdTe modules. The study analyzed an already applied recycling process. 
The recycling model was built up including the processing of modules, the recycling and energy 
recovery, the further treatment and disposal of wastes.  
The evaluation is done for two cases, including, and excluding the recycling process from the 
downstream stage. This provides an appropriate framework to contrast the environmental 
credits obtained from material recycling. Fig 33 show the percentage distribution of the different 
end of life processes excluding recycling (Held,M. 2009)   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 33 End-of-life phase without material recycling credits Held,M. (2009) 
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The detailed results of this study are shown in the following table: 
 
 
Table 9: Life Cycle Impact assessment results of CdTe module recycling (per m2) Held,M. (2009) 
 
The table shows that the recycling of material would contribute to a significant reduction of the 
environmental impacts, in terms of GHG emissions from 6 kg CO2- eq/ m2 to -2,5 kg CO2- eq/ 
m2 (reduction from around -8,5 kg CO2- eq/ m2) 
 
In order to be able to compare this results to our previous ones a homogenization must be 
carried out. According to our estimations 1kWh generated equivales to 3,77E-4 m2 of produced 
CdTe modules, Therefore, the reduction from 6 kg CO2- eq/ m2 to -2,5 kg CO2- eq/ m2 is 
equivalent to 2,26g of CO2/ kWh (end of life emission without recycling) to -0,94 of CO2- 
eq/kWh (including material recycling processes) 
 
(Latunussa et al. 2016) illustrates and analyses an innovative process for the recycling of 
silicon PV panel. The process is based on a sequence of physical treatments followed by acid 
leaching and electrolysis. The Life Cycle Assessment methodology has been applied to 
account for the environmental impacts of the process. The article provides transparent and 
disaggregated information on the end-of-life stage of silicon PV panel. 
 
The overall climate change impact of the recycling process amounts to around 370 kg CO2eq 
per 1000kg of silicom pv waste. 
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Impact category Unit Recycling process Credit Total 
Climate change kg CO2 eq 4.46E+02 −7.59E+01 3.70E+02 
     
Table 10: Life cycle impacts of the recycling process of 1000 kg of silicon PV waste (Latunussa et al. 
2016) 
 
The climate change impact distribution of the different end of life treatments for Silicon PV 
panels is detailed in the following graphic 
 
Figure 34:  Contribution of each phase to the climate change impact of the recycling of 1000 kg of silicon PV 
waste. (Latunussa et al. 2016) 
 
The LCIA results show that, the main contributions of environmental impact are related to the 
transport (29%), of the PV waste to the site, the incineration processes (34%), and the further 
metal recovery treatments (24%). 
In order to be able to compare this results to our previous ones a homogenization must be 
carried out. According to our estimations 1kWh generated equivales 1,205E-5 Silicon based 
PV panel, assuming an average weight of 25 kg/panel, this makes an equivalent estimation of 
3,0125 E-5 kg of panel per kWh produced. Therefore 370 kg CO2eq per ton of panel equates 
to 0,11 g of CO2 eq/ kWh. 
 
9.1.1. Update of previous data sets based on findings 
 
In this subsection, the P + I + O processes analyzed on chapter 8.1 are going to be updated 
adding the impacts information about the end of life processes obtained in the previous 
chapter.  
 
For multi silicon panels, the most relevant end of life processes are related to the transport of 
the PV waste to the site, the incineration processes, and the further metal recovery. These 
processes account around 0,11 g of CO2 eq per kWh produced.  
 
For CdTe panels, we can observe that the downstream processes among which are the 
recycling processes of auxiliaries and electrical power, account around 2,2g of CO2/ kWh, the 
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material recycling processes in the other hand contribute to a significant reduction of the 
environmental impacts, in terms of GHG emissions from 2,2 g CO2- eq/ kwh to -0,94 of CO2- 
eq/kWh. Adding this results to the previous ones we obtain the following figures: 
 
 
Figure 35: Updated climate change impact distribution of three full life cycle PV technologies 
 
We can observe that the downstream processes have a more relevant effect in CdTe cells 
than in Multi Si cells. 
 
 
 
9.2. Climate change and energy requirements 
 
We are going to contrast the results of three different studies: 
 
(Hernandez et al. 2014) provides a general context for life cycle emission of the different PV 
systems in comparison with conventional power systems This information bases on the results 
of  suite of studies which harmonized current life cycle analysis literature to evaluate life cycle 
greenhouse gas emissions from various solar energy technologies, including upstream (e.g., 
resource and raw material acquisition, product manufacturing), operational, and downstream 
(e.g., selling and distribution of product, decommissioning and disposal) processes.  
The main observations are: 
• Thin film CdTe emits the lowest gCo2 equivalents/ kWh among all systems, 
conventional and renewable. 
• Crystalline Silicon accounts the highest gCo2 equivalents/ kWh among renewables, 
but its emissions are still much lower than most of the conventional systems. 
•  Photovoltaics and Nuclear energy systems have similar emission values  
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Table 11: Comparison of life cycle emissions for solar (grams of carbon dioxide equivalent per kWh) and 
conventional, carbon-intensive (grams of carbon dioxide per kWh) energy generation. (Hernandez et al. 2014) 
 
The next study, (Jungbluth)  makes an evaluation of elementary flows over the life cycle of a 
PV product system based on the inventory data of  ecoinvent database v2.0 (2008). Results 
are presented for one kWh of electricity.  
 
The following figure shows the shares of different production stages for some selected 
elementary flows of a slanted-roof installation with a multicrystalline silicon panel.  
 
Figure 36: Share of process stages for a Swiss grid-connected, 3kWp slanted-roof installation with a 
multicrystalline silicon panel for selected elementary flows of the inventory. 
 
Compared to earlier investigations of PV, now the inverter and mounting systems gets more 
importance. For most indicators, these so-called balance of system (BOS) elements have a 
share of 30% to 50%. This is due to the improvements of the production chain. All the stages 
involving production account a total share of around 80%. 
Although several studies published life cycle assessments (LCA) quantify the life cycle energy 
input of PV installations and their environmental releases, such as CO2 emissions, normalized 
by electricity output, these studies are difficult to compare. Each study uses different methods, 
with different boundary conditions, rely on different data sources and inventory methods, model 
different PV technologies at different locations, and consider different lifetimes and analytical 
periods. Thus, the range of values published is quite large. This is illustrated by the following 
tables of results from (Peng et al. 2013) which show a compilation of studies that quantified 
CO2 emissions and E-PBT of Multi Si and CdTe PV systems.  
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Figure 37: Review of GHG emission rates of various PV systems. (Peng et al. 2013, pág. 269) 
 
 
Table 12: LCA result review of multi-Si PV systems 
 
 
 
Table 13: LCA result review of CdTe PV systems 
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In general, silicon based systems had the highest life cycle energy requirement, while thin film 
PV systems (especially CdTe) had the lowest energy demand. For EPBT, the CdTe PV system 
had the shortest EPBT due to its lower energy demand and relatively high conversion 
efficiency.  
 
10. Data quality. 
 
A general lack of homogeneity can be perceived among all the information collected from the 
data bases and the scientific articles. This can be appreciated at all the levels. 
Firstly, the majority of data base processes are somehow opaque, it is difficult to distinguish 
the stages that are included and the ones that are not. However, in ecoinvent data bases, after 
thorough analysis, it is possible to differentiate and classify the stages and flows. In NEEDs, 
by contrast, it is impossible to obtain a breakdown of stages. We can appreciate this, for 
instance, in the wide variability for the impact results among operational stages between 
ecoinvent and needs data bases which differ by 4 orders of magnitude. 
 
The impact results are only conclusive when are referred to processes with same functional 
unit. In order to obtain full life cycle information data must be harmonized. To do so, specific 
data about the characteristic features of the PV systems of the processes must be available. 
In this point is where we find some inhomogeneities, this is because each process contains 
flows from different sources, some are obtained of real processes, other are extrapolated from 
a year to the year of the calculation, and others adopt data from different locations and 
timeframes for the same process. 
 
  Some gaps among all the information about impact results collected scientific articles and LCA 
reports was also noticed. The majority of studies were focused in GHG emissions or energy 
requirement, information about other impact categories was difficult to find. The data on which 
the calculations were based remained unclear, the reference year or the processes which were 
include in the calculations were sometimes not specified.  
 
This observation is reinforced by the high variability observed for some impact results among 
different studies, between some GHG emissions there was one order of magnitude, 13–130 kg 
CO2-eq/MWh. This happens, mainly, due to the variability of local conditions, such as the 
source of the electricity used during manufacturing, the typology of panels and the climate 
conditions where the panels were installed. 
 
Another point is that the impact results related to each stage are not typically disaggregated in 
LCA studies. For instance, many studies did not account for end-of-life issues (i.e., the 
downstream life cycle stage). Decommissioning and recycling of the solar modules have not 
been well studied.  
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11. Conclusions 
 
 
• PV technology has accomplished competitive prices and efficiencies in the recent 
years. However due to its short working experience compared to other well a stablished 
technologies as conventional power plants, still has scope for further development.  
 
•  LCA method has been proved as a useful tool to deeply analyze in a disaggregated 
manner all the stages in a PV cells life cycle. This allow us to detect hot spots in term 
of environmental impacts and therefore work to develop newer and more efficient 
processes. 
 
• The stages that account the highest rates of GHG emission for both Multi Si and CdTe 
cells are all the upstream processes until the laminate/panel production and mounting 
structures followed by balanced of system (BOS) components. Therefore, the future 
research lines must seek increasing cell efficiencies to reduce the materials 
requirement and better manufacturing technologies like advanced production 
processes.   
 
• According to the studied databases Multi crystalline silicon pv systems account a mean 
value of 83,88 g CO2 equivalent which is almost twice as high as the average ghg 
emissions of CdTe technologies 43,86 g CO2. The distribution in percentage of 
Production - Installation - BOS GHG emissions of the two technologies is slightly 
different: for silicon based PVs 70-20-8 % and for CdTe PVs, 50-35-13 % of the total 
emission rate respectively.  
 
• This can be explained due to the difference of material requirements and therefore 
energy demand. Multi Si PV cells require a bigger amount of materials during the 
production stage as the panel or laminates are thicker in comparison with CdTe 
laminates. In contrast thin film have a larger surface area due to lower efficiencies, and 
thus need more materials for the mounting systems 
• The is a considerable variability among the calculated results for GHG emission rates 
of different PV systems. This is because of the variation of influencing factors, such as 
solar cell type, module type, manufacturing processes, installation methods and 
locations location weather conditions and timeframe.  
 
• Recycling processes set the path for future ways of improvement. It is expected that 
this type of waste will largely increase in the next decades. The Recycling process 
proposed in Held,M. (2009 leads to a reduction of 10% from the total GHG emissions 
due to the material recovery credits 
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12. Temporal planning and budget 
 
 
 
This thesis has lasted approximately seven months. It was started in March, with the beginning 
of the summer semester at university of Darmstadt and it was scheduled to be completed by 
the end of October, in order to be able to present it at the December setting of the ETSII. It has 
to be mentioned that the teaching load was variable throughout the year therefore the workload 
was it too. It is estimated that this thesis has required around 330 hours of dedication.  
 
The temporal planning of this thesis is provided in a disaggregated manner by a Gannt diagram 
which was done with the aid of the Microsoft Project software. The Gannt diagram is shown in 
the following illustration. 
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Figure 38 Gannt diagram 
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The Budget estimate for this thesis is developed as follows. As no laboratory work was requested all 
the considered costs are: working hours, personal assets, and software licenses. 
 
The required programs are:  
 
• Citavi for reference management, knowledge organization, and task planning solution. 
License price 361,79 € 
 
 
Figure 39: Citavi license disagregated price 
 
• OpenLCA It is an open source software, according to the standards of the open source 
initiative. License price: 0€ 
 
• NEEDS database. License price 0 €. 
 
 
 
• Ecoinvent database. License price 1,900.00 € 
 
 
Figure 40: Ecoinvent database license disaggregated price 
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This thesis has required around 310 working hours, 300 hours of personal work and 10 hours of the 
supervisor´s work. The overall cost are shown in the following table:  
 
Cost Unit cost Amount Total amount 
Human capital Student 15 €/hour 300 hours 4,500€ 
Supervisor 30 €/hour 10 hours 300€ 
Assets Personal computer 900 € 1 unit 900€ 
 
Software licenses 
Citavi 299 € 1 unit 361,79 € 
Ecoinvent database 1,900.00 € 1 unit 1,900.00 € 
total rateable value 7961,79 € 
IVA 21% 1,671,98 € 
Total Budget 9,633,77 € 
Table 14 Budget thesis costs 
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1. Multi-Si processes in OpenLCA view   
 
 
 
 
 
 
Multi-Si 
Process Functional unit Section 
Material acquisition and Production (P) 1.0 m2 wafer 1.1 
Material acquisition and Production (P) 1.0 m2 ribbon 1.2 
Material acquisition and Production (P) 1.0 m2 ribbon cell 1.3 
Material acquisition and Production (P+D) 1.0 m2 ribbon panel 1.4 
Material acquisition and Production (P+D) 1.0 m2 wafer panel 1.5 
Facade3kWp  installation (P+I) 1 item wafer panel 1.6 
Flat roof 3kWp Installation (P+I) 1 item wafer panel 1.7 
Slanted roof 3kWp Installation (P+I+D) 1 item wafer panel 1.8 
Slanted roof 3kWp  Installation (P+I+D) 1 item ribbon panel 1.9 
Slanted roof Operation 
(P+I+O) (wafer)* 
1.0 kWh 
 
1.10 
Slanted roof Operation 
(P+I+O) (ribbon)* 
1.0 kWh 
 
1.11 
Flat roof Operation (O) Today 
 
1.0 kWh 
 
1.12 
Tilted roof Operation (O)  Today 
 
1.0 kWh 
 
1.13 
Facade  Operation (O)  Today 
 
1.0 kWh 
 
1.14 
Ground mounted Operation (O) 2025 
Realistic-optimistic 
 
1.0 kWh 
 
1.15 
Ground mounted Operation (O) 
2025 Pessimistic 
 
1.0 kWh 
 
1.16 
Ground mounted Operation (O) 2050 
Realistic-optimistic 
 
1.0 kWh 
 
1.17 
Ground mounted Operation (O) 2050 Very 
optimistic 
 
1.0 kWh 
 
1.18 
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1.1. Material acquisition and Production (P) 
 
 
 
 
1.2. Material acquisition and Production (P) 
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1.3. Material acquisition and Production (P) 
 
 
 
1.4. Material acquisition and Production (P+D) 
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1.5. Material acquisition and Production (P+D) 
 
 
 
1.6. Facade3kWp  installation (P+I) 
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1.7. Flat roof 3kWp Installation (P+I) 
 
 
1.8. Slanted roof 3kWp Installation (P+I+D) 
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1.9. Slanted roof 3kWp Installation (P+I+D) 
 
 
 
 
1.10. Slanted roof 3kWp operation (P+I+O) (wafer)* 
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1.11. Slanted roof 3kWp operation (P+I+O) (ribbon)* 
 
 
 
 
 
 
1.12. Ground mounted Operation (O) Today 
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1.13. Tilted Operation (O) Today 
 
 
 
 
 
 
 
1.14. Flat roof Operation (O) Today 
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1.15. Ground mounted Operation (O) 2025 Realistic-optimistic 
 
 
 
 
 
1.16. Ground mounted Operation (O) 2025 Pessimistic 
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1.17. Ground mounted Operation (O) 2050 Realistic-optimistic 
 
 
 
 
 
 
 
 
 
1.18. Ground mounted Operation (O) 2050 Very optimistic 
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2. CdTe processes in OpenLCA view   
 
 
2.1. Material acquisition and Production (P+D) 
 
 
CdTe ECOINVENT 
Process Functional unit Section 
Material acquisition and Production (P+D) 1.0 m2 laminate 21. 
Slanted-roof installation (P+I) 1.0 Item 2.2 
Slanted-roof Operation (P+I+O)* 1.0 kWh 2.3 
Full life cycle (P+I+O) 2025 Pessimistic 1.0 kWh 
 
2.4 
Full life cycle (P+I+O) 2025 Realistic-
optimistic 
1.0 kWh 
 
2.5 
Full life cycle (P+I+O) 2025 Very optimistic 1.0 kWh 
 
2.6 
Full life cycle (P+I+O) 2050 Pessimistic 1.0 kWh 
 
2.7 
Full life cycle (P+I+O) 2050 Realistic-
optimistic 
1.0 kWh 
 
2.8 
Full life cycle (P+I+O) 2050 Very optimistic 1.0 kWh 
 
2.9 
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2.2. Slanted-roof installation (P+I) 
  
 
 
2.3. Slanted-roof Operation (P+I+O) 
ç
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2.4. Full life cycle (P+I+O) 2025 Pessimistic 
 
 
 
 
Comparative LCA of commercial photovoltaic technologies based on current conditions  
 
-15-  
 
2.5. Full life cycle (P+I+O) 2025 Realistic-optimistic 
 
 
 
2.6. Full life cycle (P+I+O) 2025 Very optimistic 
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2.7. Full life cycle (P+I+O) 2050 Pessimistic 
 
 
 
2.8. Full life cycle (P+I+O) 2050 Realistic-optimistic 
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2.9. Full life cycle (P+I+O) 2050 Very optimistic 
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